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Based on the framework of the Isospin-Dependent Quantum Molecular Dynamics (IQMD) model
in which the initial neutron and proton densities are sampled according to the droplet model,
the correlation between triton-to-3He yield ratio (R(t/3He)=Yield(t)/Yield(3He)) and neutron skin
thickness (δnp) in neutron-rich projectile induced reactions is investigated. By changing the dif-
fuseness parameter of neutron density distribution in the droplet model for the projectile to obtain
different δnp, the relationship between δnp and the corresponding R(t/
3He) in semi-peripheral col-
lisions is obtained. The calculated results show that R(t/3He) has a strong linear correlation with
δnp for neutron-rich
50Ca and 68Ni nuclei. It is suggested that R(t/3He) could be regarded as a
good experimental observable to extract δnp for neutron-rich nuclei because the yields of charged
particles triton and 3He can be measured quite precisely.
PACS numbers: 21.10.Gv, 24.10.-i, 25.70.Mn
I. INTRODUCTION
The proton and neutron density distributions are some
of the most fundamental properties of nuclei. Charge
radii of nuclei can be derived from charge density dis-
tributions which can be determined to a high accuracy
(often with the accuracy in charge radii better than 1%
or better for many nuclei) by experiments using electro-
magnetic probes, for example, electron scattering exper-
iments [1]. The empirical information of proton radii
is then obtained from these charge radii. In contrast,
our knowledge of neutron distributions, which have been
studied mainly by hadron-nucleus scattering, is limited
because the descriptions of strong interactions in nuclei
are highly model dependent [2]. Reliable neutron dis-
tributions will improve our understanding of the nucleus
and nuclear matter [3–6].
Nuclei with neutron number (N) larger than pro-
ton number (Z) are expected to have a neutron skin.
The skin thickness is defined as the difference between
the neutron and proton root-mean-square (rms) radii:
δnp = 〈r
2
n〉
1/2 − 〈r2p〉
1/2. The neutron skin thickness de-
pends on the balance between various aspects of the nu-
clear force. The formation of neutron skin arises because
of the large neutron excess and also the difference of po-
tentials for neutron and proton [7]. Strong correlations
between δnp and Esym(ρ0) (nuclear symmetry energy at
saturation density ρ0), L (the slope of symmetry energy
), Ksym( the curvature of the nuclear symmetry energy
at ρ0), the ratio L/J (J is the symmetry energy coef-
ficient at the saturation density ρ0), J-asym(asym is the
symmetry energy coefficient of finite nuclei) have been
demonstrated [3, 8–13]. These constraints are important
for extrapolation of the nuclear equation of state (EOS)
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to high density and hence useful for studying proper-
ties of neutron star. Moreover, a large number of cor-
relations between δnp and several neutron star quanti-
ties have also been found, such as (a) the pressure of
pure neutron matter near saturation density [3, 14], (b)
neutron star radii [5, 9, 15], (c) the crust-to-core transi-
tion density [8, 16], and (d) the crustal moment of iner-
tia [11, 17]. Neutron skin thickness is also closely related
with the derivation of volume and surface symmetry en-
ergy, as well as nuclear incompressibility with respective
to density. Furthermore, neutron skin thickness helps to
identify a nucleus with exotic structure. Thus the precise
determination of neutron skin thickness for a nucleus be-
comes an important research subject in nuclear physics.
Several attempts have been made to determine neutron
skin thickness. These include hadron scattering [18, 19],
π− scattering [20], antiprotonic atoms method [21, 22],
giant dipole resonance (GDR) method [23, 24], spin-
dipole resonance (SDR) method [25, 26], Gamow-Teller
resonance (GTR) method [27] etc. Almost all these
methods are strongly model dependent due to the com-
plexity of the strong interaction between nucleons. And
significant differences exist between these experimental
results. The Pb radius experiment (PREX) at Jefferson
Laboratory, has initiated a new line of research based on
the parity-violating elastic electron scattering to mea-
sure the neutron density radius [28]. Although parity-
violating elastic electron scattering provides a model in-
dependent measurement of neutron distributions, its cur-
rent precision is far from satisfactory and the method
cannot be applied to unstable isotopes.
By using the Isospin-Dependent Quantum Molecular
Dynamics (IQMD) model, Sun et al. have investigated
the neutron to proton ratio R(n/p) of emitted nucleons
from projectile with different neutron skin thickness and
shown that there is a strong linear relationship between
R(n/p) and δnp, especially for peripheral collisions [29].
R(n/p) is proposed as a possible observable for extracting
neutron skin size. However, it is quite difficult to mea-
2sure precisely the n/p ratio experimentally due to the
low detection efficiency for neutrons. But it is relatively
much easier to measure light charged particles. Under
the coalescence picture for cluster formation, the ratio of
triton to 3He (R(t/3He)) is expected to be proportional
to the n/p ratio. And R(t/3He) can easily be measured
since triton and 3He are charged particles. Meanwhile,
the ratio R(t/3He) is also found related with nuclear sym-
metry energy of neutron-rich nuclei [30, 31]. This ratio is
also proposed as a possible observable to probe the ther-
modynamic properties of the fragmenting system [32–
35]. Thus the ratio of triton to 3He is an interesting
and important physics quantity in nuclear physics. In
this paper, we will explore the relationship between the
triton-to-3He yield ratio R(t/3He) and the neutron skin
thickness within the framework of IQMD model. The
possibility of extracting the neutron skin thickness for
neutron-rich nuclei from measurement of R(t/3He) will
be investigated.
The paper is organized as follows. In Sec. II we briefly
describe the IQMD model, the droplet model as well as
the initialization of projectile and target. In Sec. III we
present the correlation between the neutron skin thick-
ness and triton-to-3He yield ratio. Finally, a summary is
given in Sec. IV.
II. THE FRAMEWORK DESCRIPTION
The quantum-molecular-dynamics (QMD) approach is
a many-body theory to describe heavy ion collisions from
intermediate to relativistic energies [36, 37]. The main
advantage of the QMD model is that it can explicitly
treat the many-body state of the collision system and
contains correlation effects for all orders. Therefore,
the QMD model can provide valuable information about
both the collision dynamics and the fragmentation pro-
cess. It mainly consists of several parts: initialization
of the projectile and the target nucleons, propagation
of nucleons in the effective potential, two body nucleon-
nucleon (NN) collisions in a nuclear medium and the
Pauli blocking.
The IQMD model is based on the general QMD model
with explicitly inclusion of isospin degrees of freedom in
the mean field, two-body NN collisions and the Pauli
blocking. In addition, it is also important that, in ini-
tialization of the projectile and target nuclei, the sam-
ples of neutrons and protons in phase space should be
treated separately since there exists a large difference be-
tween neutron and proton density distributions for nuclei
far from the β-stability line. Particularly, for neutron-
rich nucleus one should sample a stable initialized nu-
cleus with neutron-skin and therefore one can directly ex-
plore the nuclear structure effects through a microscopic
transport model. QMD model has been widely and suc-
cessfully used in heavy ion collisions. These include nu-
clear structure [29, 38–40], particle and fragment produc-
tion [41–47], nuclear EOS [48–50], collective flow [51–54]
and other subjects [55–57].
In the IQMDmodel, the wave function for each nucleon
is represented by a Gaussian wave packet,
ψi(~r, ti) =
2
(2πL)3/4
exp
[
−
(~r − ~ri(t))
2
4L
]
exp
[
i~r · ~pi(t)
h¯
]
,
(1)
where ~ri(t) and ~pi(t) are the ith wave pocket in the co-
ordinate and momentum space. L is the width of the
wave pocket, which is system-size-dependent [37, 52, 58].
L = 2.16 fm2 is used in the present study. And all nu-
cleons interact via mean field and NN collisions. The
nuclear mean field can be parameterized by
U(ρ, τz) = α(
ρ
ρ0
) + β(
ρ
ρ0
)γ +
1
2
(1− τz)Vc
+ Csym
ρn − ρp
ρ0
τz + U
Y uk, (2)
with ρ0 = 0.16 fm
−3 (the normal nuclear matter density).
ρ, ρn, and ρp are the total, neutron, and proton densi-
ties, respectively. τz is the z-th component of the isospin
degree of freedom, which equals 1 or -1 for neutrons or
protons, respectively. The coefficients α, β and γ are
parameters of the nuclear EOS. Csym is the symmetry
energy strength due to the difference between neutron
and proton asymmetry in nuclei, which takes the value
of 32 MeV. In this paper, α = −356 MeV, β = 303 MeV
and γ = 7/6 are taken, which corresponds to the so-
called soft EOS. Vc is the Coulomb potential and U
Y uk
is Yukawa (surface) potential.
In the phase space initialization of the projectile and
target, the density distributions of proton and neutron
are distinguished from each other. The neutron and pro-
ton densities for the initial projectile and target nuclei
in the present IQMD model are taken from the droplet
model. In the droplet model [59, 60], we can change the
diffuseness parameter to get different skin size in density
distributions,
ρi(r) =
ρ0i
1 + exp( r−Cifiti/4.4 )
, i = n, p, (3)
where ρ0i is the normalization constant which ensures
that the integration of the density distribution equals
to the number of neutrons (i=n) or protons (i=p); ti is
the diffuseness parameter; Ci is the half density radius of
neutron or proton determined by the droplet model [60].
Ci = Ri
[
1− (bi/Ri)
2
]
, i = n, p. (4)
Here bi = 0.413fiti, Ri is the equivalent sharp surface
radius of neutron or proton. Ri and ti are given by the
droplet model. In Ref. [22], Trzcin´ska et al. found that
the half density radii for neutrons and protons in heavy
nuclei are almost the same, but the diffuseness parameter
for neutron is larger than that for the proton which deter-
mines the neutron skin thickness. Especially for neutron-
rich nuclei far from the stability line, a large neutron skin
3is expected. Therefore, a factor fi is introduced by us to
adjust the diffuseness parameter. In the calculation for
neutron-rich nucleus, fp = 1.0 is used in Eq.(3) for the
proton density distribution, while fn in Eq.(3) is changed
from 1.0 to 1.5. Different values of δnp can be deduced
from Eq.(3) with different fn values. Using the density
distributions given by the droplet model, we can get the
initial coordinate of nucleons in the nucleus in terms of
the Monte Carlo sampling method. In the IQMD model,
the nucleon radial density can be written as:
ρ(r) =
∑
i
1
(2πL)3/2
exp(−
r2 + r2i
2L
)
L
2rri
×
[
exp(
rri
L
)− exp(−
rri
L
)
]
, (5)
with the summation over all nucleons. And the momen-
tum distribution of nucleons is generated by means of the
local Fermi gas approximation. The Fermi momentum is
calculated by
P iF (~r) = h¯
[
3π3ρi(~r)
]1/3
i = n, p. (6)
To avoid taking an unstable initialization of projectile
and target in the IQMD calculation, the stability of the
sampled nuclei is strictly checked by the time evolution
in the mean field until 200 fm/c at zero temperature ac-
cording to the average binding energies, rms radii, and
density distributions of the neutrons and protons. In
the initialization, the projectile and target nucleus are
treated differently. Eligible initialization samples of pro-
jectile should meet the following requirements until 200
fm/c: (i) The average binding energy matches with the
experimental data; (ii) the rms radius is in accordance
with the droplet model; (iii) the neutron skin thickness of
projectile averaged on time is consistent with the droplet
model. While the target 12C only have to keep stable in
the evolution time. Using the selected initialization phase
space of nuclei in IQMD to simulate the collisions, the nu-
clear fragments are constructed by a coalescence model,
in which nucleons with relative momentum smaller than
P0 = 300 MeV/c and relative distance smaller than R0
= 3.5 fm will be combined into a cluster. And there are
many different methods of clusterization [30, 47, 61, 62].
Different clustering methods may change the production
rate of fragments, but the ratio R(t/3He) is less model-
dependent and also less affected by other effects [30].
III. RESULTS AND DISCUSSIONS
The semi-peripheral collision processes of 50Ca and
68Ni with 12C target at 50 MeV/nucleon are simulated
using the IQMD model. The relationship between triton-
to-3He yield ratio and the neutron skin thickness in the
projectile is investigated. The fragments including neu-
trons and protons that formed during the evolution of the
collision are constructed by the coalescence method. The
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FIG. 1: (a) Time evolution of the yield (per event) for tri-
ton and 3He; (b) time evolution of R(n/p) and R(t/3He) for
68Ni+12C at 50 MeV/nucleon under the condition of reduced
impact parameter from 0.6 to 1.0 and y > 0.
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FIG. 2: (Color online) Mass number versus normalized
rapidity of the produced fragments for 68Ni+12C at 50
MeV/nucleon under the condition of reduced impact param-
eter from 0.6 to 1.0 and the evolution time from 150 fm/c to
200 fm/c.
yield ratio R(n/p) and R(t/3He) can be calculated from
the emitted neutrons, protons, tritons and 3He. It is as-
sumed that the emitted fragments will have a memory of
the N/Z of the quasiprojectile in peripheral collisions.
As the neutron skin thickness increases, the neutron-
proton composition in the surface of nucleus will also
increase. Thus the yield ratio R(t/3He) will carry the
initial neutron-proton composition (N/Z) of its emitting
source. By changing the factor fn in the neutron den-
sity distribution of the droplet model for the projectile,
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FIG. 3: (Color online) (a) The normalized rapidity distribu-
tion of neutron and proton; (b) the normalized rapidity dis-
tribution of triton and 3He for 68Ni+12C at 50 MeV/nucleon.
The calculation condition is the same as Fig. 2.
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FIG. 4: R(n/p) and R(t/3He) as a function of normalized
rapidity y for 68Ni+12C at 50 MeV/nucleon. The calculation
condition is the same as Fig. 2.
different values of δnp and the corresponding R(n/p) and
R(t/3He) are obtained. Consequently, we can obtain the
correlation between R(n/p), R(t/3He) and δnp.
Since the main purpose of the present work is to study
the effect of neutron skin thickness of the projectile on
the yield ratio of emitted particles. The calculation will
focus on the production of fragment from the projectile
in semi-peripheral collision. The reduced impact param-
eter is used to describe the centrality of collision which is
defined as b/bmax with bmax being the maximum impact
parameter. Since the main difference between neutron
and proton density distribution is in the surface of nu-
cleus, the probe R(t/3He) may be much more sensitive
in peripheral collisions. While the statistics also need to
be taken into account. Thus 0.6 < b/bmax < 1.0 is used
in the calculation. In order to minimize the target effect
on R(n/p) and R(t/3He), we use rapidity (y) cut to se-
lect neutrons, protons, tritons and 3He emitted from the
projectile. The rapidity of the fragments normalized to
the incident projectile rapidity is defined as:
y =
1
2
ln
(E + pz
E − pz
)
/yproj, (7)
where E is the energy of the fragment, pz is the momen-
tum of fragment in z direction and yproj is the rapidity
of the projectile. All calculations are carried out in the
center-of-mass system (CMS).
In the calculation, the time evolution of the dynamical
process was simulated until t=200 fm/c. As shown in
Fig. 1, the yields of produced tritons and 3He (upper
panel), together with the corresponding R(t/3He) and
also R(n/p) (lower panel) are stable after 100 fm/c. From
Fig. 1(b), one can see that R(t/3He) is larger than R(n/p)
throughout the whole evolution process. The reason may
be that it is easier to combine a neutron into a cluster
than a proton due to the Coulomb repulsion as well as the
neutron-rich environment. In order to improve statistics
we accumulate the emitted neutrons, protons, tritons and
3He between 150 fm/c and 200 fm/c.
While analyzing the rapidity distribution of different
fragments in semi-peripheral collisions, an interesting
phenomenon was found as shown in Fig. 2. For a certain
kind of light cluster, there are more particles distributing
in the target-like region rather than in the projectile-like
region, which is contrary to our expectation. The rapid-
ity distribution of neutrons, protons, tritons and 3He are
shown in Fig. 3 respectively. From the figure one can see
that there are more neutrons and protons in projectile-
like region, while for tritons and 3He it is opposite. To
better understand what happened in the collision pro-
cess, we followed the tracks of the nucleons in the whole
collision process. It turns out that the 12C target is much
easier to break up than the neutron-rich projectiles 50Ca
and 68Ni. This can be explained as a geometry effect. In
semi-peripheral collision of such an asymmetry system,
the target is almost penetrated by nucleons from the pro-
jectile since the size of the projectile is much larger than
the target. While only a limited part of nucleons in the
projectile is abraded.
The rapidity distribution of R(n/p) and R(t/3He) are
plotted in Fig. 4. It is interesting to see that the ratio
corresponding to A=3 clusters indeed displays a similar
rapidity dependence to that of the emitted neutrons and
protons, though opposite rapidity dependence in their
yields as discussed above. From this figure, we can see
that R(n/p) and R(t/3He) in projectile-like region are
much larger than that in the target-like region. This
is because the neutron-rich projectile will produce more
neutrons than protons. However, what we are interested
in is the fragments produced from the neutron-rich pro-
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FIG. 5: Dependence of R(n/p) and R(t/3He) on neutron skin
thickness under the condition of 0.6 < b/bmax < 1.0 and y > 0
for 50Ca+12C (a) and 68Ni+12C (b) at 50 MeV/nucleon. The
dotted lines are linear fitting.
 (fm)npδ
0 0.1 0.2 0.3 0.4 0.5
H
e)/
R(
n/p
)
3
R
(t/
1.0
1.1
1.2
1.3
1.4
C12Ca+50
C12Ni+68
FIG. 6: (Color online) Double ratio R(t/3He)/R(n/p) as a
function of δnp for
50Ca+12C and 68Ni+12C system at 50
MeV/nucleon. The calculating condition is the same as Fig. 5.
The blue filled area is just to guide the eyes.
jectile, so we make a cut of rapidity y > 0 to strip away
fragments coming from the target. On the other hand,
the yield ratios are much more sensitive to the surface
of the nucleus, so only the events with the reduced im-
pact parameter from 0.6 to 1.0 are taken into account.
The yields of neutrons, protons, tritons and 3He are se-
lected under the condition with 0.6 < b/bmax < 1.0 and
y > 0 and the emitted time from 150 fm/c and 200 fm/c.
The corresponding ratios R(t/3He) and R(n/p) with re-
spect to the neutron skin thickness for 50Ca+12C and
68Ni+12C systems are plotted in Fig. 5. A strong linear
correlation between R(t/3He), R(n/p) and δnp is exhib-
ited, which indicates that both R(t/3He) and R(n/p) are
sensitive to δnp. And R(t/
3He) is always larger than
R(n/p) as mentioned previously.
The double ratios R(t/3He)/R(n/p) as a function
of δnp for both
50Ca+12C and 68Ni+12C systems are
plotted in Fig. 6. One can see that, with the in-
creasing of the neutron skin thickness, the double ra-
tio R(t/3He)/R(n/p) is almost constant, which indicates
that R(t/3He) is proportional to the n/p ratio for differ-
ent δnp, which is consistent with the coalescence method.
Thus both R(t/3He) and R(n/p) could be used as experi-
mental observables for determination of the neutron skin
thickness. However, R(t/3He) will be a better quantity
from the experimental point of view since the charged
particles triton and 3He could be measured much eas-
ier than neutrons. To see the linear relation between
R(t/3He) and the neutron skin thickness will be changed
or not by varying the parameters in IQMD model, effect
of the width of Gaussian wave packet (L) is investigated.
The results show that a small change in L has almost no
effect on R(t/3He) and its linear dependence on neutron
skin thickness. The system of 48Ca+12C is calculated to
study the effect of neutrons in the projectile, the value
of R(t/3He) will decrease by about 7% compared with
50Ca+12C which is consistent with the change of N/Z
from 50Ca (1.5) to 48Ca (1.4). But the slope of linear
dependence between R(t/3He) and δnp is the same. Fur-
thermore, the effect of MDI interaction is studied. With
the MDI potential, the system becomes unstable and it
is very difficult to have stable initial samples compared
with the EOS without MDI interaction. Further investi-
gation is necessary for understanding the effect of MDI
interaction on the relation between R(t/3He) and δnp.
IV. SUMMARY
Within the framework of the IQMDmodel in which the
initial neutron and proton densities are sampled accord-
ing to the droplet model, we have simulated the semi-
peripheral collisions of 50 MeV/nucleon 50Ca and 68Ni
on a 12C target. Assuming different neutron skin thick-
ness for the projectile, we have studied the correlation
between triton-to-3He yield ratio and neutron skin thick-
ness for the first time. A strong linear relationship is
obtained between R(t/3He) and δnp for neutron-rich pro-
jectile, similar with the relationship between R(n/p) and
δnp. Since light charged particles could be measured eas-
ily in experiment as compared with neutrons, R(t/3He)
could be regarded as a sensitive and practical observ-
able of δnp for neutron-rich nuclei. If the emitted tritons
and 3He are measured by experiment, it is possible to ex-
tract δnp from R(t/
3He). Furthermore, some information
about the nuclear equation of state could be deduced af-
ter the determination of neutron skin thickness from the
experimental measurements.
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